Little is known about direct effects of exposure to lead on central nervous system development. We conducted volumetric MRI studies in three groups of 17-year-old rhesus monkeys: (1) a group exposed to lead throughout gestation (n ¼ 3), (2) a group exposed to lead through breast milk from birth to weaning (n ¼ 4), and (3) a group not exposed to lead (n ¼ 8). All fifteen monkeys were treated essentially identically since birth with the exception of lead exposure. The three-dimensional MRI images were segmented on a computer workstation using pre-tested manual and semi-automated algorithms to generate brain volumes for white matter, gray matter, cerebrospinal fluid, and component brain structures. The three groups differed significantly in the adjusted (for total brain size) volumes of the right cerebral white matter and the lateral ventricles. A significant reduction was noted in right cerebral white matter in prenatally exposed monkeys as compared to controls ( p ¼ 0.045). A similar reduction was detected in the white matter of the contralateral hemisphere; however, this difference did not achieve statistical significance ( p ¼ 0.143). Prenatally exposed monkeys also had larger right ( p ¼ 0.027) and left ( p ¼ 0.040) lateral ventricles. Depending on the timing of exposure during development, lead may exhibit differential effects with resultant life-long alterations in brain architecture.
Since the early 1990s there has been a steady decline in body lead burdens in children in the U.S. (Stephenson, 2003) . This encouraging news has been tempered by two recent independent reports that blood lead levels below those previously considered to have no adverse consequences are associated with reduced IQ at three and five years of age (Bellinger and Needleman, 2003; Canfield et al., 2003) . It is now hypothesized that there is no safe body lead burden (Needleman and Landrigan, 2004) ; rather, lead produces a continuum of effects, from subtle impairments in cognitive function and behavioral abnormalities at low burdens to encephalopathy and death at high burdens.
Our understanding of what structures in the brain are affected by lead is rudimentary. Technological innovations in imaging have dramatically improved our ability to noninvasively assess brain structure and function (Ashburner and Friston, 2000; Fischl et al., 2002; Iosifescu et al., 1997; Smith et al., 2002; Wei et al., 2002) . The few neuroimaging reports of lead exposed adults suggest several vulnerable regions in the brain. High level exposure is associated with lesions in the cerebellum, thalamus, putamen, basal ganglia, cerebral cortex, periventricular white matter, and pons on CT and anatomic magnetic resonance imaging (MRI). All of the cases reported in these studies also had significant neurobehavioral symptoms (Mani et al., 1998; Schroter et al., 1991; Teo et al., 1997; Tuzun et al., 2002) .
The only two published studies concerning the effects of lead toxicity on the brains of children assessed by anatomic MR imaging reported no abnormalities despite blood lead levels ranging from 23 to 65 lg/dl (Trope et al., 1998 (Trope et al., , 2001 ). However, there was reduced N-acetylaspartate (a marker of neuronal loss) measured by magnetic resonance spectroscopy (MRS) in the frontal gray matter of these children. Weisskopf et al. reported similar metabolite abnormalities in the frontal lobe as well as the hippocampus and midbrain in a set of adult twins with chronic lead exposure. These patients also had lesions indicative of microinfarcts on MRI (Weisskopf et al., 2004) . Subtle central nervous system effects of lead may not be detected by standard neuroimaging evaluation. MRS and other methods such as quantitative volumetric MRI may prove to be more informative in identifying vulnerable brain regions and correlating structural deficits with the neurobehavioral abnormalities associated with lead toxicity.
Animal studies offer unique advantages over human studies in evaluating lead toxicity including random allocation to treatment groups and known lead exposure histories of the study participants. The problems of generalizing the results of animal studies to humans are lessened when the animal model is a non-human primate. This is especially true for studies addressing the effects of lead on the brain. There are no comprehensive methodologic or normative 3-D MRI brain volumetric studies on non-human primates. Normative MRI volumetric data for the majority of brain structures in the non-human primate are lacking, and for the rhesus monkey only volumes for the whole brain, amygdala, corpus callosum, thalamus, putamen, and caudate nucleus have been reported (Franklin et al., 2000; Matochik et al., 2000; Schindler et al., 2002) .
Neuropathology in laboratory animals has documented the adverse effects of lead on microstructural and molecular pathways in the visual area of the occipital lobe (Reuhl et al., 1989) , cerebral cortex, hippocampus, and cerebellum among other brain structures (Ma et al., 1997; Reddy et al., 2003; Slomianka et al., 1989; Struzynska et al., 2001) . To date, there are no published reports of CT, MRI, or volumetric MRI in lead exposed animals.
The present study is an exploratory analysis of the effects of lead exposure in utero and during the immediate postnatal period on regional brain volumes of 17-year-old rhesus monkeys. Little is known about the persistent effects of antenatal and postnatal lead exposure on the mature adult brain. We also describe the reliability of the methods we used to manually and semi-automatically segment various brain structures because of the promise of this methodology in studying the effects of neurotoxins on the brain.
Lead induced effects on the anatomy of the brain are of concern if there are associated functional deficits. This study does not address that important association. Rather, it presents a methodology and preliminary data that may prove useful in understanding the structural underpinnings of the functional deficits induced by exposure to lead and other toxins. By identifying affected brain structures, the associated functional deficits can be more efficiently targeted and understood.
MATERIALS AND METHODS
Subjects. The study cohort consisted of 15 rhesus monkeys (Macaca mulatta) born to adult female monkeys in the spring and summer of 1981 at the University of Wisconsin Harlow Center for Biological Psychology. These monkeys were part of a larger cohort of monkeys participating in a study of the effects of early lead exposure on the auditory system. Details concerning these monkeys, their lead exposure, and lead effects on the auditory system are described elsewhere (Lasky et al., 1995) .
Eight of these monkeys served as controls. Four of the control monkeys were males, and the other four were females. The other seven monkeys in the study cohort had been exposed to lead either in utero or postnatally until they were weaned. Four of the lead exposed monkeys were males (two prenatally and two postnatally exposed monkeys), and the other three were females (one prenatally and two postnatally exposed monkeys). An eighth lead exposed monkey had a MRI scan of compromised quality due to artifact and was not included in this study because of the inadequate scan.
Lead exposed breeding females were administered lead acetate daily in their drinking water beginning three months prior to their time mated pregnancy (8.6 mg/kg body weight per day) and continuing until 5 months postpartum (9.1 mg/kg body weight per day). Details of the lead exposure histories of these monkeys are given in Schantz et al. (1986) . All newborn monkeys were cross fostered shortly after birth to recently parturient mothers to create three groups: a prenatal group exposed to lead from conception to birth (n ¼ 3), a postnatal group exposed to lead through breast milk from birth to weaning (n ¼ 4), and a control group whose birth and rearing mothers were never exposed to lead (n ¼ 8). The study monkeys were placed in separate cages with their rearing mothers until weaning at six months postpartum. Weaned monkeys were housed in groups of five until 2 ½ years postpartum after which they were housed separately. The monkeys were treated identically with the exception of their lead exposures. The study monkeys were fed a set diet according to the Harlow Center protocol intended to promote optimal health. With some individual adjustments, males received 12 pieces of monkey chow and females 10 pieces daily.
Blood samples from the 15 monkeys in the study sample were obtained by venipuncture biweekly from birth to one year of age, monthly during year two, quarterly until 3½ years postpartum, and periodically thereafter. Four biological maternal blood samples were collected at regular intervals from conception until the birth of their study offspring. Four nursing maternal blood samples were collected at regular intervals from a few days after birth until the weaning their study offspring. All blood samples were analyzed for lead by the Wisconsin State Laboratory of Hygiene by atomic absorption spectroscopy (Model 503, Perkin-Elmer, Boston, MA) using a modified delves cup technique (Ediger and Coleman, 1972) . Absorbance was read in duplicate at 283.3 nm with deuterium arc background correction. Average blood lead levels were calculated for each study monkey from birth to weaning and for their biological and nursing mothers during the times they were administered lead. The median maternal blood lead level for the prenatal group during pregnancy was 62.0 lg/dl (minimum ¼ 42.0, maximum ¼ 81.5 lg/dl). The median maternal blood lead level for the postnatal group during nursing was 97.8 lg/dl (minimum ¼ 63.0, maximum ¼ 209.5 lg/dl). The median prenatal offspring blood lead level during nursing was 26.5 lg/dl (minimum ¼ 23.2, maximum ¼ 40.1 lg/dl). The elevated blood lead levels in the prenatal offspring during nursing reflect exposure in utero because there was no further exposure to lead postnatally in these monkeys (i.e., their ''postnatal'' nursing mothers were never exposed to lead). The median postnatal offspring blood lead level during nursing was 55.1 lg/dl (minimum ¼ 45.5, maximum ¼ 70.8 lg/dl). The median control offspring blood lead level during nursing was 4.5 lg/dl (minimum ¼ 3.4, maximum ¼ 6.3 lg/dl). Blood lead levels for all lead exposed infant monkeys declined after weaning and were <10 lg/dl by 2 ½ years postpartum and <5 lg/dl by 4 ½ years of age. All monkeys (mothers and offspring) were without overt signs of lead toxicity at all times.
The monkeys had been in good health since birth and were in good health at the time of the MRI scans for this study. The scans were obtained over a sixmonth interval from 4 January through 18 June 1999. The median age of the leadexposed monkeys at the time of the scans was 17.53 years (the range was from 17.48 to 18.14 years). The median age of the control monkeys at the time of the scans was 17.73 years (the range was from 17.61 to 18.16 years). All care and testing of the study cohort was approved by the University of WisconsinMadison Animal Care and Use Committee and conformed to the guidelines established by the National Institutes of Health (NIH publication #86-23, 1985) .
Procedures. The monkeys were housed and studied at the University of Wisconsin-Madison Harlow Center for Biological Psychology. The MRI scanner was located at the Waisman Center (about 2 km from the Harlow Center) on the University of Wisconsin-Madison campus. The monkeys were food deprived the night before they were scanned. Ketamine hydrochloride (Ketaject Phoenix Scientific, Inc., St. Joseph, MO) was given im (10-15 mg/kg) to anesthetize the monkeys for transport by the University Primate Center van. Three members of the research team (R.E.L., M.L.L., and a research assistant) attended to the monkeys in the van and during the entire procedure. At the Waisman Center, the condition of the monkeys was evaluated. An iv line was placed in the monkeys' saphenous vein and a propofol (Diprivan, Stuart Pharmaceuticals, Wilmington, DE) drip was initiated with a 1 ml bolus and a maintenance dose set to effect (no movement of the monkey with stable vital signs). Heart rate, respiration, and SpO2 were continuously monitored before, 964 LASKY ET AL.
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http://toxsci.oxfordjournals.org/ during, and after the scan (Model 4402, Sensor Devices, Inc., Waukesha, WI). Pre-and post-scan rectal body temperatures were also monitored. The monkeys were placed supine in the scanner. Their heads were positioned upright by a molded foam constraint developed to scan the heads of adult rhesus monkeys. From start to finish the scans took about 45 min. The monkeys were transported back to the Harlow Center and placed in an observation cage overnight in a room adjacent to the larger room housing their home cages. They were returned to their home cages the morning after their scans. None of the monkeys experienced any difficulties.
Apparatus. The monkeys were scanned with a GE 1.5 Tesla Oxford Style Magnet with version 5.7 software (General Electric, Milwaukee, WI). A standard GE Quad Head Coil was used. A brief Sagittal T1 localizer scan preceded the Coronal 3D T1 Fast Spoiled Gradient Echo Recall (FSPGR) sequence that was used for the volumetric measurements. The scanning parameters of the 3D T1 FSPGR sequence are listed in Table 1 . No postprocessing adjustments to reduce movement artifacts and non-uniform intensity levels were employed.
Volumetric measurements. The volumetric measurements were performed by R.E.L. using ANALYZE software (version 4.0, Biomedical Imaging Resource, Mayo Clinic, Rochester, MN). R.E.L. was masked to lead exposure of the study monkeys. Coronal slices were scored sequentially in a posterior to anterior direction. Each scan was scored two times with at least two months separating scoring the same scan. A lengthy training procedure preceded scoring the scans. Primary anatomical references included Paxinos et al. (2000) , Martin and Bowden (1996) , and Internet accessible monkey atlases (BrainInfo, Comparative Mammalian Brain Collections, and Laboratory of Neuroimaging, UCLA). Local experts were also enlisted to verify the structures measured. It took about 6 h to completely score a single scan.
The ANALYZE software provides automated and manual (i.e., outlining structure boundaries by hand) segmentation software tools that were used to segment anatomically based structures (Regions Of Interest or ROIs). Gray scale differences alone did not distinguish all the anatomical structures of interest. Therefore, anatomical landmarks (i.e., the spatial relationships among anatomical structures) in addition to gray scale differences were used to manually segment structures that could not be reliably segmented (automatically) by gray scale thresholding alone. The manually identified structures may combine and blur anatomical distinctions evident with greater resolution and additional information (e.g., different MR protocols, histological, and biochemical data). Consequently, some structures that were scored reflect common anatomical classifications, while others do not. An example of the latter would be structures medial to the cerebrum and superior to the midbrain (we labeled these structures ''medial gray matter''). The hippocampus, amygdala, lenticular nucleus, and caudate nucleus could be differentiated by gray scale differences and anatomical landmarks. Medial to those structures, tissues imaged as predominantly gray matter included thalamic structures but also basal ganglia and cerebral structures as well. We could not reliably make those additional distinctions and did not attempt to do so for this study. Table 2 identifies the brain structures scored for this study. It also specifies how those structures were scored. As a result of pre-testing, an invariant procedure was used to score each T1 scan. Figure 1 exemplifies the scoring at several steps in the procedure. The ANALYZE software was used to orient the coronal sections scored so that they were orthogonal to the plane defined by the axis passing through the anterior and posterior commissures and the interaural axis. The structures that could not be reliably scored automatically were manually outlined (using the ANALYZE ''Manual Trace'' software tool). The left and right hemispheres and the cerebellum were then manually isolated (using the ANALYZE ''Auto Trace Limit'' software tool) for subsequent automated scoring. Tissues of the head external to the skull were also isolated so that automated scoring did not include those tissues as brain parenchyma or CSF. Prior to scoring, the intensity limits distinguishing gray and white matter and CSF and other opaque tissues were identified from histograms of the voxel intensities of a randomly selected monkey. Cutoffs to distinguish gray matter (56-125), white matter (126), and CSF and other tissues (0-55) were selected from the generated histograms and verified by visual inspection of the images (i.e., the cutoffs appeared to correctly distinguish the intended structures on the randomly selected monkey as well as the other monkeys in the dataset). Those intensity limits were then used to segment (using the ANALYZE ''Auto Trace'' software tool) the cerebral hemispheres and the cerebellum (both gray and white matter) as well as the CSF and skull (scored as ''extra parenchymal volume'').
Analyses. The study results are presented in four sections. The first concerns the reliability of making two independent volumetric measurements by the same person (R.E.L.) on the same scan from the same monkey for the brain structures identified in this study. We followed Bland and Altman's (1996) recommendations and used Intra-Class Correlation (ICC) coefficients, within standard deviations (wSDs), and repeatability to characterize measurement reliabilities. The wSDs are the average difference between the two measurements for the entire sample (i.e., the SDs of the repeated measurements). Repeatability is defined as the difference between two measurements as large as 95% of the differences between repeat measurements. The intra-scorer reliabilities for all the structures scored are presented. These reliabilities were calculated for the eight control monkeys.
There may be gender differences in the effects of lead on the brain. In the second section gender differences were explored by a 2(gender) 3 2(grouplead exposed and controls) analysis of variance.
The third section considers the relationships among the brain structures measured. A principal components analysis was not possible given the small sample size. Instead, we calculated Pearson correlation coefficients and partial correlation coefficients (adjusting for total brain volume) to identify brain structures correlated with each other. These analyses also determined whether it was necessary to adjust brain structures by total brain volume because brain structure volumes reflect overall brain size as well as the relative sizes of each individual structure.
The final section evaluates lead effects on brain structures. A multivariate analysis of variance (MANOVA) was not possible because we had more dependent variables than monkeys, some of those dependent variables (right and left analogs of the same structure) were highly correlated raising concerns of multicollinearity among the dependent variables, and the sparseness of the data made it difficult to test assumptions of multivariate normality and homogeneity of the covariance matrices. Therefore, we adopted a univariate analytic approach to identify possible lead effects on the structures we measured. We calculated one way analyses of variance (ANOVA) to evaluate the effects of lead exposure (prenatally, postnatally, or no exposure) on total brain volume. We calculated one way analyses of covariance (ANCOVAs) for each of the individual brain structures (ROIs) we measured. The independent variable in these analyses was lead exposure (prenatal, postnatal, or no by guest on November 8, 2016
http://toxsci.oxfordjournals.org/ exposure). The covariate in these analyses was total brain volume. These analyses indicate whether volume differences in specific brain structures were associated with lead exposure (in utero or the early postnatal period) adjusting for total brain volume. Our small sample size dictated that we could reliably detect only very large effect sizes. Accepting a type I error of 0.05, the control monkeys would have to have a brain structure volume 2.85 standard deviations greater than that of the prenatal and the postnatal monkeys to be detected with 80% power by a one-way ANOVA. Because of our limited power to detect even sizeable effects, trends in the data were of interest to avoid missing biologically important effects.
Whether to adjust the nominal significance level for multiple comparisons is an important consideration. We scored 36 independent structures (we also combined those structures to form composite structures). The probability that one of the 36 univariate ANCOVAs we calculated would be ''significant'' at the 0.05 level is 0.84. Nevertheless, we did not adjust for multiple comparisons. Following Rothman's (1990) arguments, we chose to identify patterns in the results and avoid type II errors rather than adjust the type I error rate for multiple comparisons. In exploratory research, identifying real effects is more important than avoiding false positives. Our results must be interpreted with these considerations in mind.
The results of the formal tests and diagnostics we conducted indicated that the assumptions made by our parametric testing were not violated, however the power of those formal tests was limited by our small sample size. Because of the small sample size and uncertainty about the distributions of the measurements, non-parametric analyses were conducted to confirm our parametric tests. Both fixed effect parametric and Kruskal-Wallis non-parametric one way ANOVAs were calculated to compare total brain volume of the prenatally lead exposed group, the postnatally lead exposed group, and the controls. We used the residual of the linear regressions of total brain volume on each of the individual component brain structures as the dependent variable in KruskalWallis non-parametric one way ANOVAs. Those ANOVAs are non-parametric analogs of the ANCOVAs we calculated for those same structures. The results of the non-parametric analyses confirmed the parametric analyses and are not reported.
Dose response relationships were explored by correlating the blood lead levels of the study monkeys from birth to weaning and from the mothers (during their pregnancies for the prenatal monkeys and while nursing for the postnatal monkeys) with brain structure volumes identified by the ANCOVAs as affected by lead exposure. Both Pearson and Spearman partial correlation coefficients were calculated (partialling out the effect of total brain volume). The calculated parametric and non-parametric partial correlations were similar. We also calculated linear regressions (adjusting for total brain volume) in order to quantify the change in brain structure volumes associated with measured blood lead levels.
The analyses were conducted using SPSS (version 10.0.7; June 2000; SPSS, Inc., Chicago, IL. 60606) and NCSS (version NCSS 2004; March 2004 ; NCSS, Kaysville, UT) statistical software packages.
RESULTS

Reliability
The ICCs and their 95% confidence intervals (C.I.) are presented in Table 3 for each of the brain structures measured. Some of the structures listed in Table 3 are combinations of component structures (e.g., the basal ganglia included the caudate nucleus, the lenticular nucleus, the amygdala, and the acumbens). Table 3 also presents the within standard deviations (wSDs) and repeatability for the brain structures measured. The reliabilities of our measurements were very high; all would be The structure in the intensity range of white matter (defined visually in pretesting) superior to the lateral ventricles and caudate nuclei and crossing the midline. Septum Narrow sliver of medial white matter inferior and orthogonal to the corpus callosum and bounded laterally by the right and left lateral ventricles. Fornix First defined in posterior coronal sections as white matter extending inferior from the medial corpus callosum and laterally to the posterior horns of the lateral ventricles. More anteriorally it is defined as the enlarged inferior base extending from the septum.
Optic Chiasm
The juncture of the right and left optic nerves as they join at midline anterior to the midbrain. Pineal Small, spherical midline structure surrounded by CSF, superior to the superior colliculi and inferior to the corpus callosum. Pituitary Spherical midline structure surrounded by CSF and inferior to the optic chiasm. Extra parenchymal volume
The head was first segregated manually from the surrounding space. After defining all the other structures listed in this Table, the extra parenchymal tissue was automatically identified by intensity limits determined from pretesting (the limits that visually separated gray and white parenchymal matter from cerebral spinal fluid and other structures constituting the structures defining the extra parenchymal volume).
EFFECTS OF LEAD ON THE RHESUS BRAIN
967 characterized as having excellent reliability. Automatically scored structures (e.g., cerebral gray and white matter) had among the highest reliabilities as expected; however, even manually scored structures with the poorest reliabilities had ICCs greater than 0.77. As scored, the volumetric measurements have little intra-scorer measurement error associated with them.
Gender Effects
Female rhesus monkeys have smaller brains than males (Cupp and Uemura, 1981; Franklin et al., 2000) . Gender differences in total brain volume in the study sample were explored by a 2(gender) 3 2 (group) analysis of variance. Because of the small sample size, the two lead exposed groups were combined for this analysis. There was a significant gender 3 group interaction (F(1,11) 3 ) than the other monkeys. These results suggest that the control males had unusually small brains. There is some support for this conjecture because the control males also weighed less than expected. They were similar in body weight to the control females (median body weight for the control males was 7.18 kg, range ¼ 6.75 to 11.10 kg; for the control females it was 8.20 kg, range ¼ 6.80 to 8.50 kg) and significantly lighter than the lead exposed males (median body weight ¼ 12.22 kg, range ¼ 9.95 to 12.90 kg). As expected the lead exposed males were significantly heavier than lead exposed females (median body weight ¼ 6.65 kg, range ¼ 6.40 to 7.50 kg). One implication of these analyses is the need to adjust for differences in total brain volume because of sampling variation in the sizes of the study monkeys. Table 2 were scored using the Analyze ''Manual Trace'' software tool. (c) After manually identifying structures, predetermined intensity limits were used to identify right and left cerebral white matter and cerebellar white matter automatically using the Analyze ''Auto Trace'' software tool. The Analyze ''Auto Trace Limit'' software tool was used to isolate the right and left cerebral hemispheres, the cerebellum, and the brain from the spinal cord. (d) After identifying the cerebral white matter, right and left cerebral gray matter was identified using the predetermined intensity limits and the Analyze ''Auto Trace'' software tool. Not shown was the automatic identification of ''extraparenchymal'' tissue (including CSF and skull). The Analyze ''Auto Trace Limit'' software tool was used to restrict the cerebral gray matter and the extraparenchymal to the brain and skull respectively. After scoring the first slice, the remaining slices were scored in the same manner as described above. These coronal slices were scored in a posterior to anterior direction. When all 124 slices were scored, the ANALYZE software generated volume measurements as well as other statistics for each of the structures identified and listed in Table 2 . Those measurements were then compared for monkeys with different exposures to lead. Table 4 presents correlations among major brain structures. Total brain volume correlates most strongly with the cerebrum followed by the cerebellum, basal ganglia, brainstem, diencephalon, the ventricles, and is negatively but non-significantly correlated with extra parenchymal volume. Not surprisingly, monkeys with larger brains tended to have larger component structures. Extra parenchymal volume was the only variable not included in total brain volume. The negative correlation with extra parenchymal volume suggests that the larger the brain the less the extra parenchymal volume.
Correlations among Structures
We calculated partial correlations to determine the correlations among brain structures adjusting for total brain volume (i.e., standardizing the sizes of the brain structures scored by the overall size of the brain). Those partial correlations are presented below the diagonal in Table 4 . The partial correlation between the cerebrum and cerebellum became negative after adjusting for total brain volume. The partial correlations among the other structures were nonsignificant with a few exceptions (e.g., a significant positive partial correlation between extra parenchymal volume and the basal ganglia). For the cerebrum the white and gray matter was negatively (but nonsignificantly) correlated, while the negative correlation between cerebellar gray and white matter was significant (r ¼ ÿ.786, p ¼ 0.021). Not surprisingly, right and left analogs of the same component structure were also positively correlated for the brain structures scored, significantly so for gray (r ¼ .754, p ¼ 0.031) and white (r ¼ .734, p ¼ 0.038) cerebral matter.
Lead Effects
Table 5 presents group differences for the brain structures measured. Except for total brain volume, all of the other measurements were adjusted by total brain volume. There were no significant ( p < 0.05) differences in total brain volume as a function of lead exposure group by a one way ANOVA. ANCOVAs with total brain volume as the covariate were calculated to evaluate lead effects on individual brain structures adjusted for variation in total brain volumes. Only the lateral ventricles (F(2,11) ¼ 5.105; p ¼ 0.027 for the right lateral ventricle and F(2,11) ¼ 4.389; p ¼ 0.040 for the left lateral ventricle) and cerebral white matter (F(2,11) ¼ 4.158; p ¼ 0.045 for the right cerebral white matter and a similar but non-significant difference for the left cerebral white mater, F(2,11) ¼ 2.331; p ¼ 0.143) significantly differed among the lead exposure groups of monkeys. Monkeys exposed to lead prenatally had the largest lateral ventricles. Control monkeys had more cerebral white matter than lead exposed monkeys. The prenatally exposed monkeys had the least cerebral white matter. Differences in cerebral white matter were similar for both hemispheres, but more consistent for the right cerebral hemisphere. There also tended to be more cerebral gray matter in the brains of lead-exposed monkeys although that trend was not statistically significant. The results and trends in Table 5 are summarized and presented graphically in Figure 2 .
Dose response relationships were explored by correlating blood lead levels with the increased cerebral white matter and decreased lateral ventricle volumes. Partial correlations were calculated in order to adjust for total brain size. The partial correlations between blood lead levels in the study monkeys over the first six months of postnatal life were negatively but non-significantly correlated with white matter in the right (r ¼ ÿ0.34, p ¼ 0.228) and the left (r ¼ ÿ0.38, p ¼ 0.180) cerebral hemispheres. Those partial correlations were significant when maternal blood lead levels (during pregnancy for the prenatal monkeys and during nursing for the postnatal monkeys) rather than study monkey blood lead levels were correlated with cerebral white matter volumes (r ¼ ÿ0.62, p ¼ 0.019 for the right cerebrum and r ¼ ÿ0.62, p ¼ 0.018 for the left cerebrum). None of the partial correlations between blood levels and lateral ventricle volumes were significant although all four correlations were positive as expected. The changes in cerebral white matter volumes associated with measured blood lead levels were quantified by the slopes of linear regressions. There was a loss of 54.4 mm 3 (95% C.I. ¼ ÿ38.9, 147.7 mm 3 ) and 49.3 mm 3 (95% C.I. ¼ ÿ26.1, 124.8 mm 3 ) of right and left cerebral white matter respectively for every lg/dl increase in blood lead levels of the study monkeys. There were losses of 39.7 mm 3 (95% C.I. ¼ 7.8, 71.5 mm 3 ) and 32.7 mm 3 (95% C.I. ¼ 6.7, 58.8 mm 3 ) of right and left cerebral white matter respectively for every lg/dl increase in maternal blood lead levels. Franklin et al. (2000) report that male whole brain volumes are approximately 20% larger than female whole brain volumes. As expected, lead exposed males had larger brains (by 16%) than lead exposed females in the study sample. However, male controls had similar sized brains as female controls. They were also similar in body weight suggesting by chance the sample included unusually small male control rhesus monkeys. Therefore, it would be misleading to interpret the gender 3 lead interaction in the study sample as a lead effect. Understanding gender differences in brain volumes is important. They must be addressed definitely with a larger and more representative sample.
DISCUSSION
We did not detect reliable differences between lead exposed and control monkeys in total brain volume. Our ability to detect differences in total brain volume may have been compromised by unrepresentative sampling as discussed above. We evaluated lead effects on brain structures adjusting for total brain volume to reduce concerns about unrepresentative sampling. Monkeys exposed to lead early in life had less cerebral white matter in their brains than the control monkeys. The deficits were larger in monkeys exposed to lead prenatally. The blood lead levels of the mothers and the study monkeys were negatively correlated with cerebral white matter suggesting a dose response relationship. The relationships between blood lead levels and cerebral white matter may have been stronger with maternal blood lead levels than blood lead levels of the study monkeys because the latter only indirectly reflected lead exposure for the monkeys exposed prenatally. The exploratory nature of the analyses cautions against over-interpreting these results.
A study by Deng and colleagues may explain why lead exposure was associated with a reduction in cerebral white matter in this study. Deng et al. studied the effects of lead exposure on rat oligodendrocyte progenitor cells and myelin production. Chronic lead exposure resulted in interference of the timely developmental maturation of oligodendrocyte progenitors resulting in hypo-and demyelination of axons (Deng et al., 2001) .
Because the overall size of the cerebrum was not affected by lead exposure in this study, cerebral tissue scored as gray matter on T1 MRIs may have been unmyelinated white matter. The differentiation of gray and white matter was done automatically on the basis of intensity level differences. Therefore, the trend to more cerebral gray matter in lead exposed monkeys may be explained by including unmyelinated white matter as ''gray matter''. Alternatively, the fluid content in some cerebral tissue may be increased in lead exposed monkeys accounting for the reduced ''white matter.'' The increased size of the lateral ventricles also suggests that proportions of the tissues constituting the brain may be affected by exposure to lead early in development. The existing literature is too diverse at this point to confirm or refute these exploratory results. The few reports on the effects of early lead exposure on brain anatomy differ in lead exposures, species, measurement methodologies, and other factors. However, results of a previous study may explain in part why cerebral tissue may be differentially affected (Cremin et al., 1999) . Adult rhesus monkeys were administered lead orally for five weeks to reach and maintain target blood lead levels of 35-40 lg/dl. Cremin et al. measured lead in the blood and the prefrontal cortex, frontal lobe, hippocampus, and striatum of the brain. Lead concentrations were greatest in the prefrontal cortex, followed by the frontal lobe, the hippocampus, and then the striatum. Although the Cremin et al. study concerned lead exposures as adults, a limited number of brain structures, and did not distinguish white and gray matter, it does suggest that lead may concentrate in the frontal cerebral cortex relative to the hippocampus and striatum. Thus, in the present study, cerebral white matter may have been differentially affected because of higher concentrations of lead in the cerebrum and because myelination is rapid during the period of lead exposure in this study. It is of note in the Cremin et al. study, that prefrontal cortex lead concentrations were significantly correlated with integrated blood lead levels over the entire lead exposure period but not with blood lead levels collected concurrently with the prefrontal cortex biopsy, emphasizing the necessity of animal models because lead exposure histories are not known in humans.
In addition to reporting lead effects on the brain, our study employed a promising measurement methodology for neurotoxicological studies. MRIs are relatively non-invasive, increasing their potential applications. They avoid some of the distortions that are consequences of preserving (fixture effects) and evaluating the brain using laboratory methods. They are also efficient in that they can produce quantitative information concerning the brain with a relatively small investment in analysis time and effort. Non-invasive MRI and invasive laboratory approaches are complementary, MRIs providing a broader perspective that can be further refined by detailed laboratory analyses. Other MRI methodologies promise additional insights. For example, our results suggest myelination may be disrupted in monkeys exposed to lead early in life. Diffusion Tensor Imaging (DTI) is a more direct and sensitive approach to evaluating myelination. Follow-up studies to identify brain insults due to early lead exposure should include DTI. In addition, MRS has been used to identify neuronal loss in the forebrains of lead exposed children and is another imaging methodology to consider in lead research (Trope et al., FIG. 2 . A summary of adjusted volumetric brain differences among monkeys with different lead exposures. Each pie represents the adjusted brain volume for monkeys with prenatal lead exposure (n ¼ 3), postnatal lead exposure (n ¼ 4), or no exposure to lead (n ¼ 8). Pie slices represent the percentage of the total brain volume that was cerebral white matter (wm), cerebral gray matter (gm), other wm, other gm, or the ventricles. Offset slices include structures (right cerebral wm and the right and left lateral ventricles) that differed significantly ( p < 0.05) by univariate ANCOVAs among the three lead exposure groups. 1998, 2001) . Finally, functional MRI directly relates functional deficits to specific brain structures significantly enhancing our understanding of the effects of lead on the brain. An advantage of all these approaches is they can be conducted efficiently and non-invasively in humans and laboratory animals facilitating cross-species comparisons. In short, MRI technologies have much to offer research evaluating the effects of lead and other environmental toxins on the brains of humans and laboratory animals.
The scoring procedures adopted for this study were demonstrated to be highly reliable. There are several factors that contributed to the consistency of scoring. Some of the procedures were semi-automated identifying all voxels within a defined intensity range as belonging to the defined structures. It is not surprising that semi-automated approaches to identifying structures are highly reliable. It was surprising that very high reliabilities were achieved for structures defined manually.
The reliability of scoring the MRI structures benefited from the way volumetric data are scored and generated. Minor differences between independent measurements of the same brain are likely to be randomly distributed. By summing measurements from successive slices to calculate volumetric measurements, those random measurement errors tend to cancel each other resulting in highly reliable measurements. For an individual slice, the reliabilities are more modest than the reliabilities presented in Table 3 .
It should be noted that only intra-scorer reliability was assessed in this study. The measurement errors associated with different scorers (inter-scorer reliability) and repeating an MRI on the same subject (test-retest reliability) were not assessed. The former is critical in estimating the generalizability of the results by other investigators, the latter in estimating how well an individual MRI characterizes the brain of the monkey. A complete characterization of the measurement errors associated with quantitative MRI methods requires evaluating all sources of measurement variability. Nevertheless, our reliability results indicate that the differences reported for the MRIs on the study sample are robust. Whether we would replicate our results with a different scorer or if we obtained different scans on the study monkeys are important questions we did not address in this study.
For this study, we chose to employ manual and semiautomated methods to analyze total and component brain volumes. Fully automated methods for segmentation offer greater objectivity, replicability, generalizability, and efficiency (Ashburner and Friston, 2000; Caviness et al., 1999; Fischl et al., 2002) . Furthermore, they presuppose no working knowledge of brain anatomy. At present we believe that semi-automated methods involving a scorer with knowledge of rhesus brain anatomy will produce more accurate results for some structures. Statistical pattern recognition methods based on a finite mixture model that partition the brain into gray matter, white matter, and CSF have been reported by Anderson et al. (2002) . Automated methods are beginning to incorporate anatomical landmarks into the identification of brain structures because relying on gray scale differences alone is inadequate to distinguish all brain structures. Multispectral approaches that combine the information from different scanning methodologies (e.g., T1 and T2) to make discriminations that cannot be differentiated by the individual scanning methodologies afford improved identification capabilities. Because of the advantages of automated methods, conducting and interpreting studies of the brain can be greatly facilitated.
There have also been considerable gains in the analysis and interpretation of MRI scans. Notable is the work of Friston, Worsley, Ashburner, and colleagues. They have developed Statistical Parametric Mapping (SPM) to test hypotheses about imaging data, primarily fMRI and PET. Their approach is also suitable for segmentation studies and includes Voxel-Based Morphometry or VBM (Ashburner and Friston, 2000) . Their analytic software is available at no cost to the neuro-imaging community (www.fil.ion.ucl.ac.uk/spm/). Their analytic approach evaluates the relationships between design effects (experimental groups or stimulus effects) and voxel intensity adjusting for identified covariates using a general linear model (GLM) framework. The results of their analyses are statistical maps that identify the likelihood of group (or stimulus in the case of functional imaging) differences at an individual voxel level. They adjust for multiple comparisons using Gaussian Random Field (GRF) theory. GRF rather than a Bonferroni type correction is used because voxel intensities are not independent but are correlated. Their approach lends itself to hierarchical mixed modeling in which voxels could be identified as belonging to higher level factors such as brain structures and those to even higher levels factors such as experimental groups. Prior information can be incorporated from previous scans, other measurement modalities, or from the literature by adopting a Bayesian framework.
Despite the appeal of Friston et al.'s approach, we did not adopt it for this study. Their approach is voxel based; ours is anatomical structure based. The distinctions they make depend on intensity level differences. For the reasons we have alluded to, we have felt it necessary to also include anatomical landmarks to identify many brain structures of interest. An SPM identifies voxels that are likely to differ in intensity between lead exposed and control monkeys. To do so the images must be co-registered so that ''lead exposed monkey'' voxels can be compared to the corresponding ''control monkey'' voxels. Co-registering is not a trivial task and best achieved when the referent is well-characterized (artifact free and representative of the referent population) and the comparison group is not markedly discrepant from the referent. The more discrepant the two groups the more smoothing of the voxels required for co-registration, compromising the resolution of the analysis. Small sample sizes such as the present study exacerbate these requirements for valid co-registration. In contrast, the approach we adopted does not require coregistering of the scans but does require the identification of the EFFECTS OF LEAD ON THE RHESUS BRAIN 973 structures of interest by a trained scorer. By using hierarchical mixed modeling or planned rather post hoc comparisons, it would be possible to define ''anatomical contrasts'' within a VBM approach similar to those we have made; however, it would require a priori identification of the voxels belonging to those anatomical structures and, therefore, the same anatomical classification our approach depends on.
Our approach also differs from Friston's VBM approach in that we did not adjust our results for multiple comparisons. Specifically, our concern was not false positives but missing true differences if they exist. Because of the sheer number of voxels analyzed, adjusting for dependences among those voxels is necessary for VBM. The number of anatomical structures we analyzed, although sizable, was more manageable. Furthermore, all structures we identified were not equal (although we did not feel planned comparisons were appropriate given a sparse literature). Specifically, we identified differences in cerebral white matter. Cerebral white matter was automatically identified, reliably scored, and among the largest structures scored.
We measured many structures because the specifics of lead effects on the brain are largely unknown. Therefore, our results may be explained by chance. Furthermore, we could only expect to identify lead effects that were sizeable because of our small sample size. Therefore, our study is vulnerable to missing more subtle lead effects. We did demonstrate that highly reliable volumetric measurements of brain structures can be recorded from adult rhesus monkey MRIs. Consequently, the differences we reported characterize the study monkeys on the MRIs collected for this study. However, it is less clear whether these results would generalize to other samples of monkeys (or humans) or even to the same monkeys with different MRIs. This study needs replication on a larger sample. Nevertheless, our results suggest that early lead exposure may disrupt cerebral myelination in rhesus monkeys.
